A mathematical model is developed -using MATLAB Simulink software package -to simulate, predict, and evaluate the performance of gun recoil system. The used gun is a tank gun with a concentric recoil mechanism. The results are presented in this paper can provide a clear understanding of design parameters affecting the behavior of recoil mechanism and/or improving the performance of recoil mechanisms in the future.
INTRODUCTION
During firing using a gun with recoiling barrel, the gun recoil system, which consists mainly of a recuperator and a recoil brake is responsible of attenuation of the impulse transferred to the recoiling parts due to the driving impulse of powder gases and returns the recoiling parts to their initial position. The recoil brake task is to dissipate a large portion of the kinetic energy of recoiling parts; while the recuperator task is to accumulate a portion of the recoil energy in order to use them for counter recoil.
The recoil brake is simply a working cylinder full of liquid. The relative movement of the piston and cylinder during recoil and counter recoil forces the working liquid to pass through narrow orifices. The viscosity of the working fluid provides the required resistance to recoil motion. By controlling the throttling areas of recoil brake along the recoil length, the hydraulic resistance and the recoil parameters (recoil distance and recoil velocity ) are adjusted for proper design.
The recuperator of the tank gun under investigation is a spring type one. The precompression force of the spring performs work satiesfying complete counter recoil of recoiling parts. The surplus energy is attenuated due to the reversed motion of liquid in recoil brake. Employing an additional cushion near the end of counter recoil is essential for decreasing impact on the front part of recoil system and recoil brake cylinder.
Solving the problem of tank gun recoil cycle may be summarized in four steps: 1) Derivation of the driving impulse affecting the recoiling parts. 2) Determination of resistances affecting recoil cycle which requires awareness of the constrution of the recoil system. 3) Modeling of the equation of motion of gun recoil cycle using a proper mathematical model to investigate the recoil parameters. 4) Finally verifiyng the obtained results.
TANK GUN RECOIL SYSTEM CONSTRUCTION
The construction of the concentric recoil system of the tank gun under investigation is shown in Figure 1 . The recoil brake piston is fixed with the barrel; the recuperator is assembled between the recoil brake piston head rear face and the rear end of recoil cylinder. When the barrel assembly recoils, the liquid inside the recoil cylinder is forced to pass through the annular area between the recoil brake piston head and the inner surface of recoil cylinder. The front cushioning is a spear and cavity which provides an additional hydraulic resistance during counter recoil. The function during recoil is illustrated in Fig. 2 . The hydraulic resistance arises due to pressure in space 1 that affects the projected area of the piston head.
MATHEMATICAL MODEL AND SIMULATION PROGRAM
The mathematical model -as shown in Figure 3 -consists of the equation of motion of recoiling parts and all equations describing the affecting forces.
The equation of motion of recoiling parts during recoil can be written as: 1. The force of powder gases is the driving force. It can be determined from the interior ballistic solution which gives the pressure course inside the barrel till the muzzle. The impulse of powder gases during the Additional Action of Powder Gases (AAPG) should be considered to obtain the total driving impulse of the recoiling parts. In this paper, the impulse of powder gases is determined from measurments and set as the input for the simulation program to realise more reliable results for the same input impulse given to the recoiling parts in the mathematical model and experimental work.
The course of force of powder gases is represented in Fig. 4 .
. 2. The total friction resistances affecting recoil is due to the friction in barrel guides besides the friction in stuffing boxes of recoil system.
The recoiling mass weight component is a function of the elevation angle . The friction coeffeicient in stuffing box is smaller during counter recoil than during recoil as the velocity of counter recoil is much less than the velocity of recoil. The course of friction resistance is assumed to be constant along the recoil distance for a specific elevation angle.
3. The recuperator force along the recoil distance is simply a characteristic curve for a spring depending on the precompression force and the spring stiffness.
So, the course of recuperator force along the recoil distance is:
4. According to references [1] , [2] , [3] and [4] , the course of hydraulic resistance during recoil cycle is determined by applying continuity and energy equations for the flow inside recoil cylinder to get the course of pressure difference of liquid ( ).
Continuity equation: (4) Energy equation:
It can be reduced to Bernoulli's equation as follows: Pressure head + Velocity head + Gravity head = Constant
where, and is friction and local losses coefficient.
When firing at zero elevation,
where Substituting from (4) into (6), the relation of pressure inside space (1) can be represented as follows:
Thus, the hydraulic resistance can be represented as follows:
And during counter recoil, the process is reversed and the hydraulic resistance will be:
Applying the same equations on the front cushioning considering that according to construction, the cushion effect happens in the most forward part of counter recoil and decisively, before the end of counter recoil by a distance (m).
Cushion effect:
The cushion is a spear and cavity principle at the end of counter recoil track as shown in Fig. 5 .
Applying continuty and energy equations on the cushion, the hydraulic resistance due to spear effect can be evaluated.
where,
The hydraulic resistance model and the spear effect model are shown in Figure 5 and Figure 6 , respectively. 
EXPERIMENTAL WORK, RESULTS AND DISCUSSIONS
In the following, the results of the mathematical model compared with experimental results and discussions for both results are presented.
Experimental Work Description
The measuring system is shown in Figure 7 and it consists of: 1) Pressure transducer with internal memory placed inside the cartridge case to measure and to record the pressure-time variation inside the barrel. 2) Piezo-electric pressure transducer screwed in recoil brake cylinder body in place of replenisher connection. 3) Amplifier and data acquisition system (DAQ) connected to Lab view measuring software to amplify, digitize and display the signal of the pressure transducer. 4) High speed camera with Phantom software to record the recoil cycle.  The velocity of recoiling parts with time during recoil cycle according to simulation is shown in Figure 10 . 
CONCLUSIONS
 The established simulation model for gun recoil cycle proved to give results with high confidence for concentric recoil mechanism of tank gun.
 The internal ballistics solution is very useful to get the pressure curve inside the barrel for studying the influence of ammunition type variation on recoil cycle. However, measuring the pressure curve and set it as input for simulation program avoids errors due to ballistics solution.
 Although there is a linearized part in experimental recoil velocity curve with time, there is coincidence between simulated and measured data in total time of recoil cycle and cushion performance. So, this error is not annoying.
 There is some disparity between simulated and measured data for pressure inside the recoil brake cylinder due to many factors mentioned in Ref [3] , [4] . So, finding clean techniques for prediction of pressure inside the recoil brake cylinder is worth.
 Estimation of system behavior with variation of some firing parameters is essential. Also, the velocity curve can be set as input to a CFD numerical model and studying performance of flow inside recoil cylinder. Ref [5] , [6] .
